Introduction
Human lithostathine (or lithostatin), previously known as pancreatic stone protein (PSP), is a 144-residue protein synthetized by the exocrine pancreas (De Caro et al, 1987) . It carries a polymorphic O-glycan chain on the Thr5 residue (De Reggi et al, 1995) . It has been shown to be identical to the Reg protein, expressed in the endocrine compartment of the regenerating pancreas (Terazono et al., 1988; Watanabe et al., 1990) . A variable amount can be found as a 133-residue polypeptide in pancreatic juice, owing to the lability of the Argll-Ilel2 bond (Bernard et al., 1995) . This 133-residue polypeptide is the common element shared by all lithostathine isoforms. Therefore, the present paper deals with this form of the protein, and the name lithostathine will refer to the 133-residue polypeptide. Except when specified, amino acid numbering will also refer to this isoform.
Although at present poorly understood, a number of potential functions have been suggested for lithostathine. It is involved in the maintenance of (3-cell function (Perfetti et al., 1994) and stimulates islet regeneration in partially depancreatized rats (Watanabe et al, 1994) . These findings raise the hope that the protein could be used as a therapeutic agent for diabetes mellitus (Watanabe et al., 1994) . It is also expressed in pancreatic ductal cell carcinoma (Kimura et al., 1992) and in colon and rectal tumors (Watanabe et al., 1990) , and it accumulates in the Alzheimer-diseased brain (Ozturk et al., 1989) . However, lithostathine has attracted most attention as a result of its potential to prevent stone formation in pancreatic ducts (Giorgi et al., 1989; Provensal-Cheylan et al, 1989; Bernard et al, 1995) and its induction of bacterial aggregation (Iovanna et al, 1993) . Indeed, lithostathine shares sequence similarities with calcium-dependent lectins (C-type lectins) (Patthy, 1988; Petersen, 1988; Barcley, 1993) , but evidence to support that it binds to carbohydrates has not yet been advanced. Furthermore, the calcium-binding properties reported by Lohse and Kraemer (1984) remain controversial (Sarles, 1986; Verdier et al, 1993) .
In this paper, we propose a model for lithostathine built from the known three-dimensional (3-D) structures of two C-type lectins and supported by NMR studies. The basic idea in structure prediction is that, in conserved regions, the conformation and relative positions of the residues of the unknown structure should match those of known structures. This apparently simple concept has not been easy to apply in practice, and various strategies have been proposed to achieve this objective best. We have developed an original approach to build a 3-D model for lithostathine,-inspired by that proposed by Havel and Snow (1991) . Although the complete NMR resonances assignment has not yet been achieved, the salient features of the model have been confirmed. The proposed model gives insights into the, as yet, poorly understood functions of this protein.
Materials and methods

Protein purification
Immunopurification. Human pancreatic juice was collected by endoscopic cannulation of the main pancreatic duct of patients suffering from various pancreatic diseases. Lithostathine was immunopurified (De Reggi et al, 1995) . It was concentrated with a cation-exchange cartridge (MemSep SP, Millipore) and eluted with 50 raM borate buffer, pH 9.0, containing 0.15 M NaCl. This latter step resulted in complete removal of salts used in the immunopurification, namely glycine-HCl and Tris. Preparation of the 133-residue isoform. The Argll-Ilel2 bond was cleaved by immobilized trypsin attached to poly aery 1 amide (Sigma): 0.5 mg of trypsin was added to 2 mg of lithostathine equilibrated in 50 mM NaHCO 3 buffer, pH 8.4, at 37°C for 30 min. The reaction was monitored by FPLC (De Reggi et al, 1995) . The resulting 133-residue isoform precipitated and was isolated from the N-terminal peptide by centrifugation (2000 g; 5 min). The pellet was rinsed twice with water, the protein was solubilized with 10" 3 M HC1 and the immobilized enzyme was removed by centrifugation. The purity of the final product was ascertained by FPLC and mass spectrometry.
NMR experiments
A 2 mM sample of lithostathine was prepared in 10 mM potassium phosphate buffer (90% H 2 O-10% D 2 O, pH 3.4). An identical sample was also prepared in 100% D 2 O solution to study non-exchangeable protons. NMR spectra were recorded at 303 K on a Bruker AMX 600 spectrometer equipped with a triple-resonance ('H/ I3 C/ 15 N) 5 mm gradient probe. Two-dimensional NOESY (Kumar et al, 1980 ) (mixing time 100-250 ms), MLEV17-HOHAHA (Bax and Davis, 1985) (contact time 50-70 ms) and DQF-COSY (Ranee et al., 1983) spectra were recorded in the phase-sensitive mode, using the TPPI (Marion and WUthrich, 1983) or the States method (States et al., 1982) . The water signal was suppressed by a Watergate sequence (Sklenar et al., 1993) (sine-shaped gradient pulse of 5 G/cm applied for 800 \\s). All spectra were recorded with a spectral width of 8064 Hz and 2048 data points for each r, increment. For HOHAHA and NOESY spectra, 512 t\ increments of 64-192 scans each were acquired. For DQF-COSY spectra, 1024 t x increments were acquired. Data processing was performed on a Silicon Graphics Indy workstation using version 3.01 of the GIFA program (Delsuc, 1993) and the GIFC program (Rouh, 1993) . Data sets were apodized with shifted sine-bell filters in both dimensions. One level of zero filling was applied along the t x dimension prior to Fourier transformation and baseline correction (Rouh, 1993) . Chemical shifts were measured relative to the water resonance, which was arbitrarily defined as 4.8 p.p.m. at 303 K. Resonance assignments were obtained by standard methods (WUthrich, 1986; Englander et al, 1987; Laplante et al, 1990) .
Building of the model Principle
In the most classical approach of 3-D structure prediction (Blundell et al, 1988) , a model is built from a known structure expected to have a similar fold. In the conserved regions (the template), atom coordinates are directly transposed to the corresponding atoms in the new model, and nonconserved loops are built by search of matching loops in a data bank. Havel and Snow (1991) have developed another approach based on the following scheme: (i) Sequence alignments are used to define the template, (ii) Distances separating all atoms of the template are calculated, (iii) These interatomic distances are translated into distance constraints and used as input for distance-geometry calculations. Thus, the conserved features of the structure are coded by geometrical restraints, but no a priori knowledge is introduced in non-conserved regions. (iv) Optimization of the atom packing, torsional angle distribution and other fine details is obtained by restrained energy minimization.
Unlike the classical method (Blundell et al, 1988) , this strategy provides a family of conformations for the unknown structure. The differences among these conformations give an indication of the reliability of the structure prediction. We have developed a similar approach, in which steps (iii) and (iv) of the above strategy have been modified.
In step (iii), since several reference structures of different geometries may be available, it is important to allow flexibility with respect to the template. This can be obtained by using only local geometrical retraints for model building. This local information is coded by a set of dihedral angles and shortrange interatomic distances, whereas all interatomic distances 
<J> < -60°, 58° < \y < 180°), associated with attraction regions al, a2, 1 and b, respectively (Laskowski et al., 1993) .
are used in Havel and Snow's (1991) method. We chose a threshold of 6 A ensuring that each residue sees four to seven other residues, and each atom 15-25 other atoms. The experience of NMR spectroscopists has proved that this threshold is indeed compatible with correct structure determination.
In step (iv), the minimization included a procedure to guide the non-conserved residues towards allowed regions of the Ramachandran diagram. Indeed, analysis of well-defined structures showed that nearly all residues, including those located in loops, should belong to allowed regions of the Ramachandran diagram (Morris et al, 1992) . For a good model structure, the proportion of the protein's residues that are in the most favored regions of the Ramachandran plot is expected to be over 90%. Since no geometrical restraints are initially used for non-conserved residues, this criterion cannot be fulfilled. This was made possible by defining four allowed regions in the Ramachandran diagram associated with four regions of attraction ( Figure 1 ): region Al (-112° < O < -60°, -51° < y < 10°), region A2 (-91° < O < -30°, -68° < \|/ < -20°), region L (51° < <D < 71°, 30 < v < 51°) and region B (-162° < <5>< -60°, 58° < \\> < 180°), associated with attraction regions al, a2, 1 and b, respectively (Laskowski et al, 1993) . A constraint was applied on each residue of non-conserved loops to guide it towards the allowed region associated with its attraction region. Clearly, this rule may appear somewhat arbitrary because no structural information is known in non-conserved loops. However, within the family of structures, residues of non-conserved loops are found in different allowed regions of the Ramachandran diagram. Therefore, different sterically acceptable conformations of the backbone are sampled.
Definition of the template structure
Lithostathine shares sequence similarities with proteins of the C-type lectin family. The rat mannose-binding protein (MBP) (PDB entry 2MBP), and the human E-selectin (PDB entry 1ESL) are the only two C-type lectins of known 3-D structures (Weis et al, 1991; Graves et al, 1994) . They present similar overall folds (r.m.s.d. of 1.36 A on all atoms) but differ locally (see Figure 5c and d). The backbones of MBP and E-selectin were overlaid to determine conserved regions, and non-conserved regions where no structural information should be retained for model building. This defines a structural sequence alignment between the two proteins. We then aligned residues of lithostathine that were either conserved in MBP or in E-selectin. Insertions and deletions were introduced in non-conserved loops. For conserved residues, backbone and side chain atoms were retained after graphical analysis when two conditions were satisfied: their positions were equivalent in MBP and E-selectin, and they had a corresponding atom in lithostathine. This list of atoms conserved in the three proteins defines the template (340 backbone atoms and 176 side chain atoms).
The final structural alignment, given in Figure 2 , is similar to that of other authors (Graves et al, 1994; Sonnichsen et al, 1995) : 89 pairs of residues are equivalent and 22 pairs of nonconserved residues are shaded. The alignment 1 respects all highly conserved residues in the C-type lectin family (four cysteines, many aromatic and aliphatic residues and a cisproline in position 96). It defines six main non-conserved segments in lithostathine: N35-G37, K56-N64, D71-R77, S82-S83, S98-Y103 and S110-F113 (shaded in Figure 2 ), together with an isolated residue E7.
Obtaining structural constraints from the template
All distances between atoms of the template were calculated in the MBP and E-selectin structures. When either of the two was smaller than 6 A, a distance constraint was defined, taking the form of an allowed interval [lol, upl] , where lol and upl are the lower and upper limits, respectively. They were defined similarly as in Havel and Snow's (1991) method: upi = max + A/2 lol = min -A/2 where A is the difference between the distances separating two atoms in MBP and in E-selectin, the larger of the two being called max and the smaller min. All <j >, \|/ and y_\ dihedral angles of the polypeptide chain that could possibly be measured from the template atoms were introduced as dihedral constraints, again taking the form of an allowed interval [inf, sup]: inf = min -5°s up = max + 5°w here min and max are the two values of a given dihedral angle in the MBP and E-selectin structures (min is the smaller and max the larger of the two). For residues with diverging side chains in the MBP and E-selectin, a %\ value corresponding to the most probable rotamer was assumed, with a tolerance of ±30° (Dundrack and Karplus, 1993) . Thus, we derived 7500 distance and 223 dihedral restraints. They were introduced in a standard procedure to provide a family of structures, using the DIANA software (Giintert and Wiithrich, 1991; Giinter et al., 1991) . We calculated 100 structures, and 10 structures of best target functions were further considered.
Minimization
Minimization of the 10 preliminary structures was performed to release all stress and to improve the Ramachandran diagram for residues of non-conserved regions, as presented above, using the X-PLOR software (Briinger, 1988) . Considering the number of bad contacts in the initial structures, the minimization was performed in three steps. In the two first steps, a harmonic potential on atom positions {K = 100 and 10 kcal/mol) was used to avoid large-scale displacements. The standard energy function (including a full van der Waals potential, but in which the electrostatic term was turned off) was used, in conjunction with the parmollh22x file. During the three stages, all the constraints used for the distance-geometry calculations were removed, but Ramachandran dihedral angles were restrained using a force constant of 20 kcal/mol. The 'fixing' of the Ramachandran parameters has no significant effect on the van der Waals and other non-bonded terms of the force field.
Results
NMR structural studies General features.
Homonuclear 'H NMR studies were undertaken on the natural lithostathine protein. Resonance assignment by homonuclear methods is at present of considerable difficulty for a protein of this size. Nevertheless, although complete structure determination is still in progress (approximately one third of the residues are assigned), we have successfully determined the essential features of this protein.
The 1-D and 2-D NMR spectra (pH = 3.0, T = 303 K) are characteristic of a fully folded protein, as indicated by the large range of proton chemical shifts (11, -1 p.p.m.) . Correlations between high-field shifted methyls and aromatic protons indicate an important hydrophobic core, as expected from the high content in aromatic and aliphatic residues (55 hydrophobic residues). This core is also observed in hydrogen-deuterium exchange experiments: 40% of the exchangeable NH protons are still detected in the NOESY and HOHAHA spectra 48 h after dissolution of the protein in D2O at 303 K.
Regular secondary structure elements. A triple-stranded antiparallel p-sheet consisting of 13 residues is apparent. Figure  3a shows the NOE patterns encountered in such secondary structures (Englander, 1987) . This complete signature was present in the lithostathine NMR spectra, as shown in Figure  3b . As expected, all NH protons of the internal strand were not exchanged in D 2 O, except for S109. Furthermore, every other NH proton in the two external strands remains in D2O. As shown in Figure 3a , they are expected to form interstrand hydrogen bonds, which protect them from exchange with the solvent. The three strands were identified in the protein sequence as N64-I67, V105-S109 and W116-V119.
Several strong NOE correlations are observed in the Ha-Ha region, in addition to those of the triple-stranded (3-sheet. Evidence of a second double-stranded P-sheet is present, involving at least seven residues whose assignment is in progress.
Many NH-NH NOE correlations at short mixing times indicate the presence of a-helices. A four-residue helical fragment was evidenced by the presence of patterns encountered in helices (Wuthrich, 1986) , as shown in Figure 4 . This fragment was identified as A49-F50-V51-A52. However, many NH-NH correlations have not yet been included in a complete helical pattern, which indicates that this helical fragment could be much longer and/or that other helices are present.
Description of the model
The model is shown in Figure 5 . It does not include the first 11 residues of lithostathine, because no template coordinates were available in this region from MBP and E-selectin. Lithostathine folds as a globular protein, containing several regular secondary structure elements but also a high proportion of loops (37% extended, 16% helical, 47% coil). Starting from the N-terminus, it is composed of an extended strand (Y10-F17 labeled SI), two cc-helices (W24-M34 and Q45-L54, labeled HI and H2, respectively) and four extended strands (V65-H70, C104-T108, Q114-V119 and F127-F131, labeled S2-S5, respectively). A central triple-stranded antiparallel fisheet is formed between the segments N64-I78, V105-S109 and WU6-V199 of strands S2, S3 and S4, respectively. An antiparallel double-stranded (3-sheet is formed by strands SI and S5. The 10 backbones of the computed structures are superimposed in Figure 5a . They are very similar in the conserved regions, as illustrated by a 0.57 A r.m.s.d. value between all structures and their average for backbone atoms and 0.96 A for all atoms (except hydrogen atoms). This indicates an excellent definition of the helices and sheets. Beside these main regular elements, several short segments adopt an extended conformation in all models: R21-T23, N38-V42, W78-W80, L85-S87, W91-193 and A95-S96. Six loops of undefined structure are also present, corresponding to nonconserved regions, labeled L1-L6 in Figure 5b : S36-G37, I55-N64, D71-R77, S82-S84, S98-Y103 and S110-F113. Variations observed in the loops are illustrated by higher r.m.s.d. values of 0.96 A for the backbone atoms and 2.06 A for all atoms. The Ramachandran diagram for all residues of the computed structures, shown in Figure 6 , was calculated using the PROCHECK program (Laskowski et ai, 1993) . All but two residues are in allowed regions of the diagram. This confirms the high stereochemical quality of the model. The protein presents a large hydrophobic core, as estimated by the surface accessibility of hydrophobic side chains: 23 hydrophobic residues present <30% solvent-accessible surface in most calculated structures.
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Discussion
Analysis of the structural alignment
The alignment was checked using secondary structure prediction and disulfide bond patterns in lithostathine. Secondary structure prediction of lithostathine was obtained by the PHD method (Rost and Sander, 1993) . This method predicts the secondary structure of water-soluble proteins with better than 70% accuracy. As indicated in Figure 2 , all secondary structure elements of MBP and E-selectin are also predicted in lithostathine. This confirms a possible common global fold. Furthermore, lithostathine contains six cysteines that were all determined by chemical methods to be involved in disulfide bridges: C3-C14, C31-C129 and C104-C121 (Rouimi et al, 1988) . Four of these cysteines (C31, C104, C121 and C129) are conserved in both MBP and E-selectin. They are indeed involved in topologically equivalent disulfide bridges (Rouimi et al., 1988; Weis et al, 1991; Graves et al, 1994) .
Analysis of the model
The model presents six undefined loops, owing to the absence of template in these regions. They are easily identified from the mean residue r.m.s.d. between each calculated structure and their average (Figure 7 ). Unlike methods leading to a single model, the approach used here provides better identification of such undefined regions. For example, loops L5 and L3 exhibit varying conformations: in some structures, the side chain of V99 is completely exposed to the solvent, whereas in others, it is oriented towards the inside of the molecule, stacking with other side Most of the residues belong to allowed regions of the diagram. Glycines are represented by triangles. The plot was generated using the PROCHECK program (Laskowski et al., 1993). chains. The second situation seems more probable, but only experimental data would determine the actual conformation. This example illustrates the limits of all current modelbuilding methods.
Structural investigations of human lithostathine
Nevertheless, the three proteins present similar folds ( Figure 5 ). Deviations are only observed in the nonconserved loops. The r.m.s.d. values between the average lithostathine structure and the MBP and E-selectin structures are 1.35 and 1.20 A, respectively (calculated on the conserved atoms). Note that the greater sequence similarity between lithostathine and E-selectin (28 strictly conserved residues) is also reflected by a smaller r.m.s.d. than with MBP (only 19 strictly conserved residues). A strong hydrophobic core is characterized in the NMR studies by up-field shifted methyls correlating with aromatic protons in the NOESY spectra and by the large number of detectable NH protons in the exchange experiments. A similar region is observed in the model, characterized by the large number of inaccessible hydrophobic residues. The presence of both helices and sheets, supported respectively by Ha-Ha and NH-NH correlations in the NOESY spectra, is also observed in the model. The central triple-stranded antiparallel p-sheet was independently assigned from the NMR data. It is consistent with that of the model: residues involved match exactly those of strands S2, S3 and S4 that adopt such an arrangement in the model. Evidence of an additional doublestranded p-sheet is also consistent with the model. The helical segment A49-A52 assigned by NMR belongs to helix H2 of the model. Therefore, the model, supported by NMR data, strongly indicates that lithostathine adopts a C-type lectin fold.
Structure-function relationship
This study raises the problem of the structure-function relationship in lithostathine. The C-type lectin family is organized into seven groups (Drickamer, 1993) : proteoglycans, type II receptors, collectins, selectins, type II endocyte antigens, mannose receptors and free carbohydrate recognition domains (CRD). Lithostathine belongs to the free CRDs proteins, which also include anti-freeze proteins from Arctic fish serum. Lithostathine is suspected to induce bacterial aggregation in the pancreas and to prevent CaCO 3 stone formation. This suggests a calcium-dependent lectin activity and a calcium-binding property, respectively. These potential properties will be discussed by comparing the sugar-and calcium-binding sites in C-type lectins and the corresponding sites in lithostathine.
MBP presents two binding sites for Ca 2+ (bearing indices 1 and 2 in Figure 2) , whereas E-selectin presents only one binding site, identical with site 2 of MBP. Therefore, we shall focus the discussion oh MBP. Site 1 is implicated in calcium binding only, whereas site 2 is implicated both in sugar and calcium binding (Weis et al, 1992) . As shown in Figure 2 , only one residue of site 1 out of four is strictly conserved (D71), and one is conserved in character (N75) in lithostathine. Since these two residues belong to nonconserved regions, no conclusion should be derived by analysis of the model at this site. However, it is unlikely that calcium binding could remain at this site, because two binding residues are missing in lithostathine. In the case of site 2, only one residue out of five is conserved (D118) in lithostathine. This site involves residues of conserved regions: strand S4 and a well-defined loop facing S4. In these regions, the 10 calculated structures are well superimposed. Therefore, graphical analysis of MBP and lithostathine structures is possible here. Figure 8 shows that chelation of a Ca 2+ ion at this site is impossible in lithostathine. It is interesting that such a loss of calcium-binding properties has also been reported in the CD72 lectin-like domain (Day, 1994) .
Comparison of C-type lectin sequences with demonstrated sugar-binding activity reveals the conserved presence of five ligands: E or Q185, N or D187, E193, N205 and D206 (amino acid numbering refers here to that of MBP), corresponding to site 2. Therefore, lithostathine is not expected to present a lectin activity. Two remarks are consistent with this conclusion: (i) no free C-type lectin protein of vertebrates has been shown to have sugar binding activity (Drickamer and Taylor, 1993) and (ii) no sugar binding of lithostathine was evidenced on agarose affinity columns specific for various sugars (Iovanna et al, 1993) .
Furthermore, all free CRDs exhibiting no lectin properties but whose function depend on calcium binding have conserved the site 2 (Drickamer and Taylor, 1993; Sbnnichsen et al, 1995) . No other calcium-binding site is expected to be present in this protein family. In Figure 2 , the case of fish anti-freeze proteins is presented. Two such proteins are calcium dependent (smelt and herring), whereas one is not (sea raven). All five amino acids of site 2 are strictly conserved in smelt and herring anti-freeze proteins, while only two are strictly conserved (D187 and D206) and one is conserved in character (D205 instead of N205) in sea raven. Site 2 is even less conserved in lithostathine, which suggests the loss of calcium-binding. This conclusion was confirmed by experimental assays using 45 Ca, which showed that binding of Ca 2+ ions was undetectable (data not shown).
In summary, lithostathine is neither expected to have sugar-binding properties nor to bind Ca 2+ ions. These results have implications in understanding the functions of lithostathine. The mechanism by which it aggregates bacteria cannot be associated with a lectin function, and has not yet been elucidated (as lithostathine has a C-type lectin fold, it is very unlikely that a lectin function of a different type could be present in this protein). Furthermore, putative inhibition of calcium carbonate crystal nucleation and growth would not involve calcium chelation. A non-specific interaction with the crystal, such as an adsorption-inhibition mechanism could be invoked, although this function of lithostathine is still controversal (Schmiegel et al, 1990) . Indeed, according to the conditions under which lithostathine is expressed or overexpressed (pancreatitis, islet regeneration, Alzheimer's disease, cancer), the protein could have other physiopathological functions which are not yet understood.
